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Ion Acceleration

Answering some of the most fundamental questions
in LIA, being around for years
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Ion acceleration with lasers : 
Static electric fields
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Abbildung 2.1: Sketch of the TNSA-mechanism. The laser pulse coming from the left is focused into the
preplasma on the target front side generated by amplified spontaneous emission of the laser system (a).
The main pulse interacts with the plasma at the critical surface and accelerates hot electrons into the target
material (b). The electrons are transported under a divergence angle through the target, leave the rear side
and form a dense electron sheath. The strong electric field of the order of TV/m generated by the charge
separation is able to ionize atoms at the rear side (c). They are accelerated over a few µm along the target
normal direction. After the acceleration process is over and the target disrupted (⇥ns), the ions leave the
target in a quasi-neutral cloud together with comoving electrons (d).

After the fastest electrons have escaped at the rear side leaving the target positively charged, a strong
electrostatic potential is built up due to the charge separation, because the remaining electrons are trap-
ped by Coulomb forces. They are held back and forced to return into the target. Due to this mechanism
an electron sheath is formed at the rear surface of the target. The sheath can only extend over a thin
layer before it is completely shielded. The characteristic distance is called the Debye length, see equa-
tion (6.24). Typically, ⇥D is a few µm [21] for the laser and target parameter within the framework of
this thesis. The initial electric field strength in vacuum can be obtained analytically [89, 90] by solving
Poisson’s equation for the one dimensional case:

�0
⇤2�
⇤z2 = e ne. (2.15)

The electron density in vacuum follows a Boltzmann distribution, where the kinetic energy of the elec-
trons is replaced by the potential energy Epot = �e �:

ne = ne,0 exp
�

e �
kBTe

⇥
(2.16)

with an initial value of ne,0 ⇤ 1020 cm�3. The solution of equation (2.15) can be transformed to the
expression for the maximum electric field at z = 0 by solving E(z) = �⇤�/⇤z:

Emax =
⌅

2
kBT
e ⇥D

. (2.17)

A sheath field of 2 TV/m (or MV/µm) is calculated for kBTe = 1.3 MeV and ⇥D = 0.9 µm. However,
for later times the field strength is a function of the dynamics at the rear side, e.g. ionization and ion
acceleration.

12 2 Proton Generation by Laser-Matter Interaction
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in a zig-zag motion in the electric field, as has been shown in fig. 2.1. At the end of the pulse the electron in the

center has been decelerated again and finishes with nearly zero velocity as expected. The push downwards is

due to the intensity gradient (ponderomotive force) since the electron is not exactly at the center. The ejection

angle can be calculated to tan2 ⌃ = 2/(⇤̄� 1) [142–144].

2.2 Plasma interaction at the target front side

After this rather academic case of a laser interacting with free electrons in vacuum, the interaction with a solid is

considered. The laser pulse in an experiment is not perfectly short-pulsed in time, but has a preceding pedestal

or even pre-pulses in the ns to ps range with 10�4 to 10�7 times the intensity of the main pulse. Therefore

already the onset of the high-intensity laser pulse with orders of magnitude less intensity is able to create a

plasma at the surface of a solid, when the focused power exceeds the intensity of I ⌦ 109 W/cm2 [145]. The

electromagnetic wave couples onto free electrons, which oscillate in the laser electric field and ionize further

atoms via inelastic collisions. Typical electron densities are about ni = 1021 cm�3 and ion densities are ni = ne/Zi ,

where Zi denotes the charge of the ions. A thin ablation plasma sheath is created at the surface that expands

in vacuum with the ion sound speed cs = (kB(Zi Te + Ti)/mi)1/2, where kB is the Boltzmann constant, Te the

electron temperature, Ti the ion temperature and mi the ion mass. Under the assumption of a one-dimensional

isothermal expansion [132] an exponentially decaying density profile develops with a scale length ls = cs t.
The scale length for an exponentially decaying profile n(z) is defined as the position where it is decayed to

1/exp(1) = 0.368 of the initial value and can be obtained by

ls =
�

1
n(z)

dn(z)
dz

��1

. (2.14)

Typical scale lengths of plasma expansion before the main pulse arrives are on the order of a few micrometer.

The plasma ablation leads to an inward-traveling shockwave due to momentum conservation, that compresses

and heats the matter.

The plasma electrons are pushed by the laser which leads to an electric field due to the nearly immobile ion

background, that forces the electrons to oscillate with the electron plasma frequency

⇣2
p =

e2ne

⌘0⇤̄me
. (2.15)

With respect to the laser frequency ⇣L the plasma is called overdense when ⇣p > ⇣L . This is the case beyond

the critical density

nc =
⇣2

L⌘0⇤̄me

e2 . (2.16)

At this density, which can be calculated by nc = 1.1⇤ 1021 ⇤̄/⌥L [µm] cm�3, the plasma refractive index

⇧ =
/

1�⇣2
p/⇣

2
L , (2.17)

becomes imaginary and the laser wave can penetrate evanescently over a distance known as the collisionless

skin depth ld = c/⇣p only. For the relativistic case when ⇤̄ > 1, the critical density is higher than in the non-

relativistic case due to the relativistically enhanced electron mass. Thus the laser light can even propagate

further into the former overdense plasma, which is termed relativistic transparency. The relativistic interaction

in the underdense part does not only increase the critical density, but also the plasma frequency decreases,

which in turn leads to an intensity-dependent, thus spatially varying refractive index ⇧. It is most strongly on

axis, which acts analogous to a positive lens that relativistically self-focuses the beam even further.
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Typical scale lengths of plasma expansion before the main pulse arrives are on the order of a few micrometer.

The plasma ablation leads to an inward-traveling shockwave due to momentum conservation, that compresses

and heats the matter.

The plasma electrons are pushed by the laser which leads to an electric field due to the nearly immobile ion
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becomes imaginary and the laser wave can penetrate evanescently over a distance known as the collisionless

skin depth ld = c/⇣p only. For the relativistic case when ⇤̄ > 1, the critical density is higher than in the non-

relativistic case due to the relativistically enhanced electron mass. Thus the laser light can even propagate

further into the former overdense plasma, which is termed relativistic transparency. The relativistic interaction

in the underdense part does not only increase the critical density, but also the plasma frequency decreases,

which in turn leads to an intensity-dependent, thus spatially varying refractive index ⇧. It is most strongly on

axis, which acts analogous to a positive lens that relativistically self-focuses the beam even further.
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becomes imaginary and the laser wave can penetrate evanescently over a distance known as the collisionless

skin depth ld = c/⇣p only. For the relativistic case when ⇤̄ > 1, the critical density is higher than in the non-

relativistic case due to the relativistically enhanced electron mass. Thus the laser light can even propagate

further into the former overdense plasma, which is termed relativistic transparency. The relativistic interaction

in the underdense part does not only increase the critical density, but also the plasma frequency decreases,

which in turn leads to an intensity-dependent, thus spatially varying refractive index ⇧. It is most strongly on

axis, which acts analogous to a positive lens that relativistically self-focuses the beam even further.
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becomes imaginary and the laser wave can penetrate evanescently over a distance known as the collisionless

skin depth ld = c/⇣p only. For the relativistic case when ⇤̄ > 1, the critical density is higher than in the non-

relativistic case due to the relativistically enhanced electron mass. Thus the laser light can even propagate

further into the former overdense plasma, which is termed relativistic transparency. The relativistic interaction

in the underdense part does not only increase the critical density, but also the plasma frequency decreases,

which in turn leads to an intensity-dependent, thus spatially varying refractive index ⇧. It is most strongly on
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which in turn leads to an intensity-dependent, thus spatially varying refractive index ⇧. It is most strongly on

axis, which acts analogous to a positive lens that relativistically self-focuses the beam even further.

Chapter 2. Relativistic laser-matter interaction and ion acceleration 13

in a zig-zag motion in the electric field, as has been shown in fig. 2.1. At the end of the pulse the electron in the

center has been decelerated again and finishes with nearly zero velocity as expected. The push downwards is

due to the intensity gradient (ponderomotive force) since the electron is not exactly at the center. The ejection

angle can be calculated to tan2 ⌃ = 2/(⇤̄� 1) [142–144].

2.2 Plasma interaction at the target front side

After this rather academic case of a laser interacting with free electrons in vacuum, the interaction with a solid is

considered. The laser pulse in an experiment is not perfectly short-pulsed in time, but has a preceding pedestal

or even pre-pulses in the ns to ps range with 10�4 to 10�7 times the intensity of the main pulse. Therefore

already the onset of the high-intensity laser pulse with orders of magnitude less intensity is able to create a

plasma at the surface of a solid, when the focused power exceeds the intensity of I ⌦ 109 W/cm2 [145]. The

electromagnetic wave couples onto free electrons, which oscillate in the laser electric field and ionize further

atoms via inelastic collisions. Typical electron densities are about ni = 1021 cm�3 and ion densities are ni = ne/Zi ,

where Zi denotes the charge of the ions. A thin ablation plasma sheath is created at the surface that expands

in vacuum with the ion sound speed cs = (kB(Zi Te + Ti)/mi)1/2, where kB is the Boltzmann constant, Te the

electron temperature, Ti the ion temperature and mi the ion mass. Under the assumption of a one-dimensional

isothermal expansion [132] an exponentially decaying density profile develops with a scale length ls = cs t.
The scale length for an exponentially decaying profile n(z) is defined as the position where it is decayed to

1/exp(1) = 0.368 of the initial value and can be obtained by

ls =
�

1
n(z)

dn(z)
dz

��1

. (2.14)

Typical scale lengths of plasma expansion before the main pulse arrives are on the order of a few micrometer.

The plasma ablation leads to an inward-traveling shockwave due to momentum conservation, that compresses

and heats the matter.

The plasma electrons are pushed by the laser which leads to an electric field due to the nearly immobile ion

background, that forces the electrons to oscillate with the electron plasma frequency

⇣2
p =

e2ne

⌘0⇤̄me
. (2.15)

With respect to the laser frequency ⇣L the plasma is called overdense when ⇣p > ⇣L . This is the case beyond

the critical density

nc =
⇣2

L⌘0⇤̄me

e2 . (2.16)

At this density, which can be calculated by nc = 1.1⇤ 1021 ⇤̄/⌥L [µm] cm�3, the plasma refractive index

⇧ =
/

1�⇣2
p/⇣

2
L , (2.17)

becomes imaginary and the laser wave can penetrate evanescently over a distance known as the collisionless

skin depth ld = c/⇣p only. For the relativistic case when ⇤̄ > 1, the critical density is higher than in the non-

relativistic case due to the relativistically enhanced electron mass. Thus the laser light can even propagate

further into the former overdense plasma, which is termed relativistic transparency. The relativistic interaction

in the underdense part does not only increase the critical density, but also the plasma frequency decreases,

which in turn leads to an intensity-dependent, thus spatially varying refractive index ⇧. It is most strongly on

axis, which acts analogous to a positive lens that relativistically self-focuses the beam even further.

Chapter 2. Relativistic laser-matter interaction and ion acceleration 13



 | LBNL| 2016 

Break out Afterburner (BOA)

Laser Breakout Afterburner – Mechanism

a) Target Normal Sheath Acceleration (TNSA) phase
b) Intermediate phase
c) Laser Breakout Afterburner (BOA) phase

17.11.2011 | TUD (IKP) | M. Roth | 3

t1 t2 

Yin, et al., Laser and Particle Beams 24 (2006), 1–8  Albright, et al., Phys. Plasmas 14, 094502 (2007) 
Yin, et al., Phys. Plasmas 14, 056706, (2007)   Yin, et al., Phys. Rev. Lett. 107, 045003 (20011) 
Yin, et al., Phys. Plasmas 18, 063103 (2011) 

in a zig-zag motion in the electric field, as has been shown in fig. 2.1. At the end of the pulse the electron in the

center has been decelerated again and finishes with nearly zero velocity as expected. The push downwards is

due to the intensity gradient (ponderomotive force) since the electron is not exactly at the center. The ejection

angle can be calculated to tan2 ⌃ = 2/(⇤̄� 1) [142–144].

2.2 Plasma interaction at the target front side

After this rather academic case of a laser interacting with free electrons in vacuum, the interaction with a solid is

considered. The laser pulse in an experiment is not perfectly short-pulsed in time, but has a preceding pedestal

or even pre-pulses in the ns to ps range with 10�4 to 10�7 times the intensity of the main pulse. Therefore

already the onset of the high-intensity laser pulse with orders of magnitude less intensity is able to create a

plasma at the surface of a solid, when the focused power exceeds the intensity of I ⌦ 109 W/cm2 [145]. The

electromagnetic wave couples onto free electrons, which oscillate in the laser electric field and ionize further

atoms via inelastic collisions. Typical electron densities are about ni = 1021 cm�3 and ion densities are ni = ne/Zi ,

where Zi denotes the charge of the ions. A thin ablation plasma sheath is created at the surface that expands

in vacuum with the ion sound speed cs = (kB(Zi Te + Ti)/mi)1/2, where kB is the Boltzmann constant, Te the

electron temperature, Ti the ion temperature and mi the ion mass. Under the assumption of a one-dimensional

isothermal expansion [132] an exponentially decaying density profile develops with a scale length ls = cs t.
The scale length for an exponentially decaying profile n(z) is defined as the position where it is decayed to

1/exp(1) = 0.368 of the initial value and can be obtained by

ls =
�

1
n(z)

dn(z)
dz

��1

. (2.14)

Typical scale lengths of plasma expansion before the main pulse arrives are on the order of a few micrometer.

The plasma ablation leads to an inward-traveling shockwave due to momentum conservation, that compresses

and heats the matter.

The plasma electrons are pushed by the laser which leads to an electric field due to the nearly immobile ion

background, that forces the electrons to oscillate with the electron plasma frequency

⇣2
p =

e2ne

⌘0⇤̄me
. (2.15)

With respect to the laser frequency ⇣L the plasma is called overdense when ⇣p > ⇣L . This is the case beyond

the critical density

nc =
⇣2

L⌘0⇤̄me

e2 . (2.16)

At this density, which can be calculated by nc = 1.1⇤ 1021 ⇤̄/⌥L [µm] cm�3, the plasma refractive index

⇧ =
/

1�⇣2
p/⇣

2
L , (2.17)

becomes imaginary and the laser wave can penetrate evanescently over a distance known as the collisionless

skin depth ld = c/⇣p only. For the relativistic case when ⇤̄ > 1, the critical density is higher than in the non-

relativistic case due to the relativistically enhanced electron mass. Thus the laser light can even propagate

further into the former overdense plasma, which is termed relativistic transparency. The relativistic interaction

in the underdense part does not only increase the critical density, but also the plasma frequency decreases,

which in turn leads to an intensity-dependent, thus spatially varying refractive index ⇧. It is most strongly on

axis, which acts analogous to a positive lens that relativistically self-focuses the beam even further.
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Typical scale lengths of plasma expansion before the main pulse arrives are on the order of a few micrometer.

The plasma ablation leads to an inward-traveling shockwave due to momentum conservation, that compresses

and heats the matter.

The plasma electrons are pushed by the laser which leads to an electric field due to the nearly immobile ion
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becomes imaginary and the laser wave can penetrate evanescently over a distance known as the collisionless

skin depth ld = c/⇣p only. For the relativistic case when ⇤̄ > 1, the critical density is higher than in the non-

relativistic case due to the relativistically enhanced electron mass. Thus the laser light can even propagate

further into the former overdense plasma, which is termed relativistic transparency. The relativistic interaction

in the underdense part does not only increase the critical density, but also the plasma frequency decreases,

which in turn leads to an intensity-dependent, thus spatially varying refractive index ⇧. It is most strongly on
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where Zi denotes the charge of the ions. A thin ablation plasma sheath is created at the surface that expands
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becomes imaginary and the laser wave can penetrate evanescently over a distance known as the collisionless

skin depth ld = c/⇣p only. For the relativistic case when ⇤̄ > 1, the critical density is higher than in the non-

relativistic case due to the relativistically enhanced electron mass. Thus the laser light can even propagate

further into the former overdense plasma, which is termed relativistic transparency. The relativistic interaction

in the underdense part does not only increase the critical density, but also the plasma frequency decreases,

which in turn leads to an intensity-dependent, thus spatially varying refractive index ⇧. It is most strongly on

axis, which acts analogous to a positive lens that relativistically self-focuses the beam even further.
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Dependence on pulse duration

Emax = 100 MeV: 
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Comparison with experiments: Scaling law

Parameters:
tp = 500 fs
focus dia. = 6 µm
25 µm targetThermal expansion of a laser-driven plasma and ponderomotive electron expulsion constitute the 

most well-known examples of electrostatic-field production. While the former mechanism has been 

observed for many years [27], the latter one has only recently been observed in experiments with 

gas targets [28,29]. For the gas targets, when the laser pulse duration t is long, t>r0/c, where r0 is the 

laser focal spot radius and c is the speed of light, the radial component of the ponderomotive force 

dominates, and ions are accelerated radially.

Other data about the production of multicharged ions come from [30]: Pb46+ ions up to 430±40 MeV 

as well as protons with energies up to 30 MeV were obtained. These experiments were carried out at 

the Rutherford Appleton Laboratory using the VULCAN laser [31] (pulses energy up to 50 J at  

1.053 mm and temporal duration of 0.9–1.2 ps). The maximum intensity on target was up to 5·1019 

W/cm2. In the same experiments fully stripped aluminum ions up to 150±10 MeV and carbon ions 

at 90 ± 10 MeV were also measured. The peak ion energy was observed to increase with the mass of 

the ion and its charge state. 

Figure  3  is  an  interesting  plot  showing the  scaling  laws  of  the  maximum energy  per  nucleon 

obtainable at increasing laser intensities, that can be used to predict the energies achievable with 

future facilities.

Figure 3: Scaling laws and experimental results concerning the maximum achievable energy per 

nucleon of ions accelerated by laser generated plasmas at different laser intensities [21].

Many efforts have been devoted to the design of the targets where the laser pulse impinges: the ions 

located superficially over the rear side of the target are more suitable for an efficient acceleration; 

impurities or appositely deposited layers can be used. Protons are more favourite because of their 

charge over mass ratio.

3

Figure 4: Comparison between theoretical scaling laws and experimental results obtained at the 

Trident laser facility of LANL, USA, concerning the maximum achievable energy of protons (in 

MeV) accelerated after the laser-matter interaction [32].

About protons, in fig. 4 the Trident laser (operating at LANL, USA)  results are compared to some 

scaling laws [33,34,35,36] in terms of proton energy and focal intensity. Most reported values above 

1 1019 W/cm2 fall below these scalings. A fit to the March 2008 Trident data was performed, and a 

curve with an exponent of 0.565 was found. This exponent fits the ponderomotive scaling of I0.5 as 

discussed in [23] within the ~20% error of the intensity measurements.

PERSPECTIVES ABOUT THE FLAME AND ELI FACILITIES

According to the above mentioned results on proton and multicharged ions production presented in 

literature one can argue some prediction for the forthcoming facilities.  Scaling laws are available, 

and they permit to extrapolate rough predictions on proton energies obtainable by the two projects 

of  our  interest:  FLAME  (FLAME:  Frascati  Laser  for  Acceleration  and  Multidisciplinary 

Experiments)  at  INFN-LNS and the  largest  laser  European  facility  named ELI (Extreme Light 

Infrastructure). A strategic project of INFN, named PLASMONX [38], aims to the development of 

innovative laser-plasma acceleration techniques and X-gamma ray sources. The main parameters of 

the  FLAME laser  facility,  measured  during  the  final  acceptance  test  at  the  factory,  during  full 

energy operation at 10 Hz rep. rate are: 5.6 J (energy after compression); 23 fs (pulse duration); 250 

TW(peak power), < 1010 (ASE contrast); < 10−8 (pre-pulse contrast). The average energy (before 

compression) was measured to be 7.07 J. On the basis of these parameters the intensity on target 

may be of the order of 1020 - 1021 W/cm2, with a focal spot radius of about 5 µ m.

Therefore, according to figures 4 and 5 and to numerical calculations, the expected proton energy 

may overcome the 50 MeV in the TNSA regime, while for heavier ions, according to figure 3, 

energies of the order of ten MeV/A or higher may be obtained. 
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About protons, in fig. 4 the Trident laser (operating at LANL, USA)  results are compared to some 

scaling laws [33,34,35,36] in terms of proton energy and focal intensity. Most reported values above 

1 1019 W/cm2 fall below these scalings. A fit to the March 2008 Trident data was performed, and a 

curve with an exponent of 0.565 was found. This exponent fits the ponderomotive scaling of I0.5 as 

discussed in [23] within the ~20% error of the intensity measurements.
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energy operation at 10 Hz rep. rate are: 5.6 J (energy after compression); 23 fs (pulse duration); 250 

TW(peak power), < 1010 (ASE contrast); < 10−8 (pre-pulse contrast). The average energy (before 

compression) was measured to be 7.07 J. On the basis of these parameters the intensity on target 

may be of the order of 1020 - 1021 W/cm2, with a focal spot radius of about 5 µ m.

Therefore, according to figures 4 and 5 and to numerical calculations, the expected proton energy 

may overcome the 50 MeV in the TNSA regime, while for heavier ions, according to figure 3, 
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4

K. A. Flippo et al. 

Rev. Sci. Instrum.  

79, 10E534 (2008); 

E. L. Clark et al.,  

Phys. Rev. Lett. 85,  

1654 (2000) 

Oishi, Central Research Institute 
of Electrical Power Industry

Schollmeier, SNL



 | LBNL| 2016 

Dependence on pulse intensity

Figure 5: summary of the maximum proton energy dependence on laser intensity for the existing 

and forthcoming facilities, paying a particular attention to the large scale project of the European 

Community named ELI, and to the FLAME facility of INFN. The expected energies of the FLAME 

project  is  put  in  evidence.  Experimentally  measured  data  are  small  dots,  boxes  and  crosses 

corresponding to  three  pulse  duration  ranges  are  shown.  Simulations  performed at  higher  laser 

intensities planned for ELI are reported as big purple dots. Note that, as experimentally proven up to 

1020 W.cm-2, the maximum proton energy for the extreme short pulses is ~ I, whereas for the longer 

pulses ~ I1/2.

According to simulations, the predominant ion acceleration regime at the expected intensities (i.e. 

I≥1023 W/cm2) should be the  radiation  pressure  acceleration  (RPA).  Multiple  stage acceleration 

using stacked foils  would offer the additional  prospect of further  increase of the ion maximum 

energy.  At  a  similar  intensity  regime,  other  simulations  have  also  shown  that  ions  could  be 

accelerated to energies higher than 10 GeV in the “bubble” regime of wakefield acceleration using 

near-critical  density  plasmas  and  mixed  ions.  Such  underdense  plasma targets  would  have  the 

benefit of allowing high repetition rate operation.
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Dependence on target thickness
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2.3. LASER-DRIVEN ION ACCELERATION

Figure 2.8: Model prediction a) of the maximum carbon C6+ energy vs. Thickness
for Trident parameters with τλ = 600 fs, EL = 80 J, n′

0 = 660, qi = 6 for carbon
C6+ and a(t) = a0 sin

2(πt/2τλ), with a0 = 16.8; b) BOA acceleration times t1 and
t2 for the same parameters

EL = 80 J, n′
0 = 660, qi = 6 for carbon C6+ and a(t) = a0 sin

2(πt/2τλ), with

a0 = 16.8). The model shows, that for the Trident parameters targets on the

order of 100 nm are needed. It further predicts peak carbon C6+ ion energy of

∼ 500MeV (42MeV/amu) at an optimum target thickness around 150 nm. As

will be shown later in Chap. 4, the analytical model agrees remarkably well with

actual experimental results obtained from several campaigns at Trident. More-

over, the model is also in good agreement with PIC simulations [106] as well as

other experimental results, where the target turned relativistically transparent

using a different laser system (Ti:Sapphire) [88] (with less energy (EL = 0.7 J)

and much shorter pulse duration (τλ = 45 fs) operating at a very different point

parameter space.

In summary the BOA mechanism has the following distinct signatures

• the acceleration happens during the time the target is relativistic transpar-

ent where n′ > 1 > n′/γ

• the acceleration promises to be more efficient than TNSA (with higher con-

version efficiency and higher maximum energies), since the electron energies

are continuously replenished by the laser as a result of the relativistic trans-

parency and plasma ions along the whole focal volume can be accelerated

• self-cleaning of the volumetrically heated target, i.e., removal of protons

from the main interaction volume, enables efficient acceleration of heavier

ions

40

4. ION ACCELERATION DURING RELATIVISTIC
TRANSPARENCY

Figure 4.3: Experimental data of 5 of the 6 campaigns showing the efforts in
improving repeatability and accuracy of the measured maximum carbon C6+ion
a) and proton b) energies. The campaigns from Apr.08 through Mar.10 were
done in the TP-setup, the last one in the iWASP-setup that covers a much larger
solid angle of the ion beam. Campaigns from Mar.10 on also used the improved
target and focusing system as described in Chap. 3.3.

• For the first campaign (Sep08, black squares) only DLC targets (produced

at the LMU) from 3nm to 58 nm were available [131]. The highest energy

for C6+is 550MeV, which was measured only once during the roguhly 100

shots of this run. It is worth noting that this run had the highest aver-

age laser energy of almost 100 J per shot as compared to 80 J in all the

following campaigns (explaining the slightly higher energies at lower target

thicknesses (see Chap. 2.3.3)).

• The next campaign (Apr09, red circles) was primarily dedicated to investi-

gate electron spectra for ultra-thin targets with < 10 nm [101]. In addition,

commercially available diamond targets [141] between 300 nm and 1µm

were tested for ion acceleration.

• In the following run (Sep09, green triangles) commercially available dia-

mond targets [141] between 100 nm and 300 nm were added to the thick-

ness range. This run, however, showed an overall decrease in ion energies

for carbon C6+ions as well as protons. The exact cause for this is unknown,

85

taken from D. Jung Dissertation
Munich 2012
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Energy and pulse length scaling (BOA)
4. ION ACCELERATION DURING RELATIVISTIC
TRANSPARENCY

Figure 4.21: a) Pulse duration dependency of the BOA mechanism. Green, blue
and light blue solid lines represent typical Ti:Sa pulse durations with 15 fs to
45 fs; the remaining lines correspond to Glass laser systems with pulse durations
> 100 fs. The yellow stars are experimental results from Trident, the green star
marked with “Yin11” is the result of a 2D VPIC simulation with Trident param-
eters [106]. The red star is obtained at Trident with a pulse duration of 1.5 ps.
The blue star represents experimental results obtained at the MBI in Berlin [87].
b) zoomed in view of the brown rectangle in a) showing laser energies accessible
with Trident

durations of Ti:Sapphire lasers (τλ =15 fs to 45 fs) and (mixed-)Glass laser systems

(τλ =200 fs to 2 ps). The yellow line with τλ =500 fs corresponds to the Trident

laser. Overlaid are data points from experiments at Trident with different laser

energies (yellow stars) and longer pulse duration (red star, corresponding to the

red solid line) and from the Max Born Institute (MBI) using a Ti:Sapphire laser

at 45 fs (blue star, corresponding to the blue solid line). The data point marked

as Yin11 in Fig. 4.21 b) (green star) is from a 2D VPIC simulation with Trident

parameters as published in Ref. [106].

In order to derive the energy scaling for the BOA mechanism, a parametric study

of the BOA analytical model is used, since ∆t and Ē0 in Eq. 4.6 have a rather

complex dependency on the laser energy, spot size and pulse duration. Fig. 4.22

a) shows the result of this study. It has been found that Emax scales in good

approximation as

Emax ∝ I
1
2

L τ
1
3

λ ∝ a0τ
1
3

λ ∝
√

EL[J]

rL[cm2]τ
1
3

L [fs]
, (4.7)

113

taken from D. Jung Dissertation
Munich 2012
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Activating fissible material

A. Favalli, LANL
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Experimental setup
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For both campaigns there is a strong optimum 
in target thickness, as expected for  BOA

1e10 
8e9 
6e9 
4e9 
2e9 

n/sr 

Neutrons: 
>1010/sr 
>200 MeV 
Peak @ 70 MeV 

60 J of Laser energy 
1x1021 W/cm2 

PHELIX has four times  
the energy available 

Interesting thing to check:
500 J and 500 fs VULCAN (TITAN):           109 n/shot 
80 J and 600 fs TRIDENT (high contrast):  1010 n/shot 
60 J and 450 fs PHELIX (high contrast):     1011 n/shot
what is the scaling law here?
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Application: 
Interrogation of an enriched uranium sample 

PI: Andrea Favalli, LANL

Operated by Los Alamos National Security, LLC for NNSA U N C L A S S I F I E D 
 

Interrogation of an enriched uranium sample 

Slide 12 

 Sample: High Enriched Uranium (990 g U, of which 650g 235U) 
 

 
 

 
 

 
 

  
 

 
 Delayed Neutrons chosen as signature, these neutrons are characteristic 

signatures for nuclear fission ( few other process yield delayed neutrons) 
 

 
 

 
 

 
 

  
 

 

Active-Interrogation 

 Fast Mode  (with Cd sleeve)  
 

 
 

 
 

 
 

  
 

 

 Thermal Mode (without Cd sleeve )  
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Prospects: 
Fast Neutron Radiography 
(from I. Pomerantz, PRL 113, 184801 (2014) ) 

Fast Neutron Resonance Radiography 

Carbon
Nitrogen
Oxygen
1 ns TOF resolution (State of the art)
0.1 ns TOF resolution (This method)

Incident energy (MeV)
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Ishay Pomerantz / U. Texas
Thursday, November 14, 13

Ishay Pomerantz
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Tailoring and transport of ion beams 
- the LIGHT project -

�Injector Project

Picture: Courtesy of  
Simon Busold

unique beam and hybrid technology testbed 
N = 1010 protons 

E = 10 MeV 
t ≈ ns / sub-ns 

DE ≈ 1% 
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The LIGHT Beamline

GSI Helmholtzzentrum für Schwerionenforschung GmbH Dennis Schumacher Hirschegg Workshop 29.01.2015 

The LIGHT beamline 

PHELIX 
50 J in 500 fs 

compressor 

laser diagnostic 
parabola 

solenoid 

rf cavity 
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Coil design from HZDR

Courtesy: Thomas E. Cowan

03.10.2013  |  11th microbeam workshop  |  Simon Busold 
 

solenoid 

stand alone pulsed power system 
 
 
 
 
 
 
 
!  Bz,max = 8.7 T in solenoid 
 
!  large open aperture for high capture 
efficiency 

150 mm 

4 layers copper windings 
40.5 mm 
open aperture 
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phase rotation
S. Busold et al., PR-STAB 17, 031302 (2014)

Energy selection and width for 
9.6 MeV : 
18.0 ± 3.0 % due to chromatic 
focusing of the solenoid
  2.7 ± 1.7 % using the cavity

GSI Helmholtzzentrum für Schwerionenforschung GmbH Dennis Schumacher Hirschegg Workshop 29.01.2015 

Energy compression with an rf cavity 

double spiral resonator 
• > 100 kW rf power 
• 3 gaps 
• ±1 MV acc. voltage 
• 108.4 MHz 

switching  
on rf 

energy compression 
at 3 m: 
• measurement with 

RCF and spectrometer 
• ΔE/E0 = 2.7% ± 1.7% 
• np = 1.7x109 ± 15% 
• transversal 15x15 mm² 
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phase rotation
S. Busold et al., PR-STAB 17, 031302 (2014)

Energy selection and width for 
9.6 MeV : 
18.0 ± 3.0 % due to chromatic 
focusing of the solenoid
  2.7 ± 1.7 % using the cavity

25.02.2015 |  Matter and Technologies Kickoff Meeting  |  Diana Jahn

Experimental results

dependence of pulse length and 

gap voltage:

both detectors show same tendency

optimal gap voltage is 4.3 V ≈ 700 kV

shortest measured pulse length:

 FWHM: 462 ps ± 40 ps

9.03.2015 | DPG Frühjahrstagung 2015 | Diana Jahn

GSI Helmholtzzentrum für Schwerionenforschung GmbH Dennis Schumacher Hirschegg Workshop 29.01.2015 

Energy compression with an rf cavity 

double spiral resonator 
• > 100 kW rf power 
• 3 gaps 
• ±1 MV acc. voltage 
• 108.4 MHz 

switching  
on rf 

energy compression 
at 3 m: 
• measurement with 

RCF and spectrometer 
• ΔE/E0 = 2.7% ± 1.7% 
• np = 1.7x109 ± 15% 
• transversal 15x15 mm² 

np= 5 x 108 
t  = (250 ± 15) ps
I  = 100 mA

250 ± 15 ps 
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Options and perspectives

Second focus (2nd solenoid)  
6 D focus - optimum performance without extra apertures -

L=150 mm, B=2.5 T

Time focus (< 100 ps)  and spatial focus (< 200 µm)  
coinciding (6.05 m)            ~ 6% of input intensity

zz z
4.6 m drift Rf voltage 4.6 m drift

z

1010 Protons:    6x1018 p/s;   2x1022 p/(s cm2) 
                @ 10 MeV: 36 GW/cm2

LIGHT operates at 15 J @ 450 fs 
at the moment 
 
BELLA-i @ 40 J 40 fs could get 
higher energetic protons
and 1012 resulting in 3.6 TW/cm2  

1024 p/(s cm2) is a high current to 
drive WDM 

@ 250 ps pulse duration, there is 
little time for hydro-motion
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Stopping power in plasmas
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Science
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Konverter (Pb)

Activation target 
(Au-Nb-Cr-Ta) Autoradiography

Observed up to Au(γ,4n): Photons up to 50 MeV

    
Nuclear Pyrometry and activation

for medium half life isotopes (e.g. C, F) 
a minute of BELLA operation is similar to
a 2.5 kJ 40 fs laser
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Coherent radio emission from Pulsar surfaces
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Experiment on longitudinal FEL
(Bild von Viktor Malka)

magnetic, longitudinal 
guiding field

Background plasma 
ne ~ nBeam

Detectors
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BELLA-i will drive an entire new effort of target 
fabrication and diagnostics

Gas and liquid jets
how long do they last?
70 shots?

Mass production of 
shaped targets

Particle detectors with
electronic readout

detection. However, the advent of ultra-intense, high repetition-
rate laser facilities requires new techniques for in-situ ion detec-
tion capable of recording data for thousands of consecutive shots.
Furthermore, for future radiotherapy with laser-accelerated ion
beams, quantitative real-time detection is an essential prerequisite.

Ion beam profiles using scintillators

A scintillator-based diagnostic can spatially resolve the trans-
verse profile of an ion beam over a number of specified energy
ranges. By placing multiple sheets of organic (polyvinyltolouene
based) scintillator in the beam path, the lowest energy ions are
stopped in the first sheet, and higher energies are stopped in
subsequent sheets. The collected optical signal is relayed from the
interaction chamber, subsequently filtered into component wave-
lengths and imaged with a gated, intensified CCD camera (Fig. 6-
left). By choosing a set of scintillators that emit light over different
wavelength regions, a single collection optic can be used to record
transverse beam profiles for two or more ion energy ranges (Fig. 6-
right). The signals are separated just in front of the CCD by using
one or two Fresnel biprisms in conjunctionwith two or four optical
filters in order to produce multiple images, and hence beam pro-
files, on one CCD chip. The ability to closely monitor the beam
pointing, flux and emittance for each proton (ion) bunch is essential
if laser-driven ion sources are to be used for applications where
shot-to-shot reproducibility is of critical importance.

A conventional RCF stack (see Section 2) offers higher spatial and
spectral resolution, but re-useable plastic scintillators significantly
increase the data acquisition rate while offering near-instantaneous
single bunch feedback. However in order to become viable as an

imaging medium, the scintillator light emission needs to be char-
acterised over a range of proton energies and fluxes.

Results discussed here are based on tests with four scintillator
types: BC-408 and BC-422Q from Saint-Gobain crystals and EJ-260
and EJ-264 from Eljen Technologies. The emission spectra of each
scintillator were measured by illuminating a sample with a mon-
oenergetic proton source where the light was recorded with an
Ocean Optics spectrometer. Figure 7 shows the optical emission
spectra. Overlap of emission wavelengths poses a problem for
complete isolation of signals from each scintillator. To overcome
this a combination of optical filters, inside the scintillator stack and
in front of the CCD cameras, can be used to resolve blue, green and
orange portions of the scintillation spectra (assuming a simple,
three colour system). Hence three distinct beam profiles can be
obtained, yielding valuable information about beam flux and
divergence over three energy windows.

The scintillation process and subsequent optical transport must
be characterised for absolute calibration of the proton beam pro-
filer. With proper calibration, this diagnostic can potentially func-
tion as an in-situ proton calorimeter, measuring total beam flux
over a range of proton energies. The optical response of each
scintillator was tested using two monoenergetic proton sources;
the University of Birmingham cyclotron and the Ion Beam Centre at
the University of Surrey where 0.25 MeVe28 MeV protons were
used. Figure 8 shows the proton energy dependent optical response
for the BC-422Q plastic scintillator. The light output level was
nonlinear for the energies tested, scaling as E1.5 ! 0.05. Similar re-
sults were found for the other scintillators. However, care should be
takenwhen analysing lower energies (<1MeV)where the scaling is
less clear.

Figure 5. Response of an image plate to protons (a) and C6þ(b) (The vertical line at 2.11 MeV in (a) separates energy regions according to the fitting function (solid line) that was
used). The IP-type used for (a) is a Fujifilm BAS-TR with read-out by a Fujifilm BAS 1800 II. (Without protective layer w10 mm thick; thickness sufficient to stop carbon ions with
w800 keV/amu).

Figure 6. (Left) Schematic for a three colour proton beam spatial profiler. Higher energy protons are stopped in the shorter wavelength scintillators located further downstream in
the stack. The combined optical signal is collected and relayed to a CCD camera via a fibre optic bundle. (Right) Proton (half) beam profile for two energy windows for a 100 nm Al
target irradiated at w5 # 1020 W/cm2 with high contrast (>109).

P.R. Bolton et al. / Physica Medica 30 (2014) 255e270260

Extensive work is still required to fully characterise the range of
plastic scintillators currently available. More recently, detectors
consisting of stacked BC418 sheets were tested where a spatial
resolution of about 1.3 mm and spectral resolution near 1.5 MeV
were demonstrated [39]. In addition to extending the existing
response to higher energies and heavier ions, the full dynamic
range and spatial resolution of each scintillator need to be
measured. While our initial tests suggest that light output scales
linearly with proton flux, very high fluxes can lead to saturation and
ultimately permanent damage. All of these issues must be
addressed to clearly define the optimal operating parameters for a
scintillator-based ion beam profiler.

Pixel detectors

Besides optical applications, pixel detectors are also widely used
for X-ray and particle detection with sub-mm resolution. The
principle of particle detection in a semiconductor detector is charge
generation in the interaction between the incident particle and the
sensitive detector volume [40]. The term pixel detector is used for a
variety of different detectors, both monolithic and hybrid devices.
The charge coupled device (CCD) [41] is the most common type of
monolithic detector. Signal transfer to read-out electronics for
further processing is accomplished by shifting the integrated
charge, which is proportional to the deposited energy, from pixel to
pixel. At the end of these shift registers, which use clocking fre-
quencies of several MHz, the signal is amplified in a single read-out
node. Active pixel sensors, manufactured in a standard CMOS
process where a first amplifier stage is already integrated into each
pixel, achieve higher clocking frequencies and are even more ra-
diation tolerant than CCD detectors.

There are high demands on the accuracy of biomedical beam
monitors, typically better than 95%. A typical treatment fraction,
consisting of 107e109 particles/cm2, delivered in a few hundred ms
in present proton therapy, could be supplied from a single laser
shot, where the bunch duration is of nanosecond order. Therefore,
for laser-driven accelerators, dose rates can be several orders of
magnitude higher than those conventionally used today [42]. This
can be problematic for detectors typically used in particle therapy
such as multiwire ionisation chambers. The pixilated detector
advantage is attributed to the large number of small single pixels,
where, each represents a small diode detector. This reduces the
number of particles per pixel to a level that is within its dynamic
range, and affords measurement of a 2D fluence distribution with
high spatial resolution. First tests of commercial CCD-based pixel
detector, conducted at a conventional electrostatic accelerator us-
ing 10 and 20 MeV proton beams (dc, pulsed and single ions), show
good linearity between integrated detector signal level and particle
fluence, and also sufficient dynamic range for this application.
Single ion detection is likewise possible for detection of up to
107 protons/cm2 (shown at proton energy of 20 MeV [43]). Similar
results were obtained for a CMOS photodiode array that was tested
on equal terms [43].

Charge-injection devices (CID) have been used for charged
particle detection in inertial-confinement fusion experiments,
where particles are emitted within time structures similar to those
for laser-accelerated ions [44]. However, these experiments were
accomplished at flux levels several orders of magnitude lower than
those expected for laser-driven bunches. A sufficient saturation
level of CIDs for intense laser-driven particle pulses thus needs to
be demonstrated even if their radiation hardness would be bene-
ficial for this kind of application. Nevertheless, more studies with
laser-driven ion beams are required, investigating the shot-to-shot
response as well as performance in the electro-magnetic pulse
(EMP) noise environment of a pulsed laser.

Micro-channel plates (MCP)

A micro-channel plate (MCP) is a high resolution, spatially
resolved, high gain electron multiplier [45,46]. The electron
multiplication can span over several decades, which makes this
detector type suitable for low intensity signals. MCP based ampli-
fiers give a prompt response, (fluorescence time of order several
nanoseconds) and can be used with either a continuous or pulsed
(gated) biasing.

An MCP (Fig. 9) is a matrix of thin (4e25 microns in diameter)
glass capillaries fused together and sliced into thin plates with
typical thicknesses from a few hundred microns to one millimeter.
Each capillary in the plate is an independent electron multiplier. A
primary particle or photon impacting a channel wall generates
secondary electrons. While drifting in an electric field applied

Figure 7. Emission spectra for EJ-260, EJ-264, BC-408 and BC-422Q organic
scintillators.

Figure 8. Scintillator response as a function of proton energy for BC-422Q.

Figure 9. Schematic layout of an MCP Chevron stack, with two microchannel plates
and a phosphor screen. Voltage signs and values might vary according to the chosen
configuration, the phosphor type, the plate thickness and channel angle.
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•BELLA -i could drive the development of next generation diagnostics and 
target fabrication 
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